The enrichment of anaerobic ammonium oxidizing (anammox) bacteria using an upflow anaerobic sludge bioreactor was successfully conducted for 400 days of continuous operation. The bacterial community structure of anammox bioreactor included Proteobacteria (42%), Chloroflexi (22%), Planctomycetes (20%), Chlorobi (7%), Bacteroidetes (5%), Acidobacteria (2%), and Actinobacteria (2%). All clones of Planctomycetes were affiliated with the anammox bacteria, Planctomycete KSU-1 (AB057453). The presence and diversity of ammonia oxidizing bacteria (AOB) and archaea (AOA) were identified by terminal restriction fragment length polymorphism (T-RFLP) based on the amoA gene sequences. The AOB in anammox bioreactor were affiliated with the Nitrosomonas europaea cluster. The T-RFLP result of AOA showed the diverse microbial community structure of AOA with three terminal restriction fragments (T-RFs).
INTRODUCTION
The microbial community structure of anaerobic ammonium oxidation (anammox) enrichment can be more diverse when limited oxygen is introduced compared to an absolute anaerobic condition. In studies of lab-scale rotating biological contactors (RBCs), the coexistence of aerobic ammonia oxidizing bacteria (AOB) and anammox bacteria was revealed in molecular biological techniques, DNA sequencing and FISH based on the 16S rRNA gene (Egli et al. 2003; Pynaert et al. 2003) . These studies suggested the possible cooperation of AOB and anammox bacteria. This type of cooperation was engineered successfully in the completely autotrophic nitrogen removal over nitrite (CANON) process (Third et al. 2005) .
Under oxygen-limited conditions, AOB and anammox bacteria both performed two sequential reactions, oxidation of NH þ 4 -N to NO 2 2 -N and anammox (Schmidt et al. 2002) .
Autotrophic ammonia-oxidation is not restricted to the domain of Bacteria. Archaea were previously characterized as obligate extremophiles which thrive under extreme conditions of temperature, pH, and salinity. However, nonthermophilic Crenarchaeota, one of the two kingdoms in the archaeal domain, were discovered in an environment of moderate temperature by a culture-independent method (DeLong 1992; McInerney et al. 1997) . A pure culture of ammonia-oxidizing archaea (AOA), a type of Crenarchaeota, exhibited chemolithotrophic ammoniaoxidizing activity and growth at 288C (Kö nneke et al. 2005) .
In this study, the bacterial community structure of an anammox reactor was analyzed by DNA sequencing, and possible cooperators of AOB and AOA in the anammox reactor were identified by T-RFLP targeting the bacterial and archaeal ammonia monooxygenase subunit protein A encoding gene (amoA). doi: 10.2166/wst.2010.075 
MATERIALS AND METHODS
Lab-scale enrichment of anammox bacteria Enrichment of anammox bacteria from anaerobic granular sludge of anaerobic digestion for brewery wastewater and activated sludge of a piggery wastewater treatment plant was conducted at 358C for 400 days. The bioreactor was inoculated with 1.0 L of the granular sludge and 1.5 L of the activated sludge and their volatile suspended solid (VSS) concentrations were 20,487 and 9,750 mg/L, respectively. 
Analysis
The NH þ 4 -N concentration was measured by Kjeldahl nitrogen analysis (Kjeltec 1035, Sweden). The NO 2 2 -N and NO 2 3 -N concentration was analyzed by ion chromatography (Dionex 120, USA). Colorimetric methods were also used to verify the NO 2 2 -N concentration. ORP, pH, and the temperature were monitored using an on-line monitoring system.
DNA extraction and PCR
Environmental genomic DNA was extracted from the anaerobic granular sludge using a Power Soil TM DNA kit (Mo Bio Laboratories, US). The 16S rRNA gene of the total bacterial community was amplified with primers of 27F (5 0 -AGAGTTTGATCMTGGCTCAG-3 0 ) and 1492R (5 0 -TACGGYTACCTTGTTACGACTT-3 0 ) (Lane 1990 ). The PCR mixture, a total of 20 ml, consisted of 2 ml of 10 £ PCR buffer (15 mM MgCl 2 ), 0.2 ml of dNTP (2.5 mM each of dATP, dCTP, dGTP and dTTP), 0.2 ml of each primer (10 mM), 1 ml of DNA template, 0.2 ml of Taq DNA polymerase (Takara, Japan, 5 Unit/ml), and 16.2 ml of deionized water. PCR samples were preincubated at 958C for 4 min and PCR amplification was performed for 30 cycles of 948C for 1 min, 558C for 1 min, and 728C for 1 min using MyCycler TM Thermal Cycler (BIO-RAD, USA). In addition, one cycle of 10 min at 728C was performed to extend the reaction.
To amplify the bacterial amoA gene for T-RFLP, amoA1F (5 0 -GGGGTTTCTACTGGTGGT-3 0 ) and amoA2R (5 0 -CCCCTCKGSAAAGCCTTCTTC-3 0 ) were used (Rotthauwe et al. 1997) . amoA1F and amoA2R were labeled with FAM and HEX, respectively (Park & Noguera 2004) . The PCR mixture, a total of 50 ml, consisted of 5 ml of 10 £ PCR buffer, 6 ml of MgCl 2 (25 mM), 1 ml of dNTP (10 mM each of dATP, dCTP, dGTP and dTTP), 3 ml of each primer (10 mM), 1 ml of DNA template, 0.25 ml of Taq DNA polymerase (Applied Biosystems, US, 5 Unit/ml), and 30.75 ml of deionized water. The PCR cycles consisted of the following parameters: 1 cycle of 10 min at 948C; 40 cycles of 40 s at 948C, 10 s at 558C, and 100 s at 728C; this was followed by 1 cycle of 10 min at 728C to extend the reaction using MyCycler TM Thermal Cycler (BIO-RAD, USA). For the T-RFLP analysis of the archaeal amoA gene, Arch-amoAF (5 0 -STAATGG-TCTGGCTTAGACG-3 0 ) with FAM and Arch-amoAR (5 0 -GCGGCCATCCATCTGTATGT-3 0 ) with an amplification condition identical to that of the bacterial amoA gene except for an annealing temperature of 508C were used (Francis et al. 2005) .
DNA sequencing and phylogenetic tree
The clone library was constructed by PCR amplification of the target gene followed by cloning into a T&A Cloning Vector (Real Biotech Corp., Taiwan). The HIT TM competent cells (Real Biotech Corp., Taiwan) were transformed with a ligation mixture. Plasmids containing the 16S rRNA gene and amoA gene inserts were sequenced.
Sequences were aligned using the ClustalX 1.81 program.
NJ searches were conducted using MEGA3.1 to build phylogenetic trees.
T-RFLP
After the PCR process, PCR purification was performed using a Gel Extract and Purification kit (Qiagen, USA).
The purified PCR product was digested with endonuclease
Taq I (10 U) (Takara, Japan) at 658C for 3 hr. The lengths of terminal restriction fragments (T-RFs) were estimated by SolGent Inc. (Daejeon, Korea). Fragments were run on an ABI 371X sequencer (Perkin-Elmer Corp., USA) and analyzed with GeneScan3.7 software (Applied Biosystems, USA).
RESULTS AND DISCUSSION

Nitrogen removal in the continuous reactor
The nitrogen loading rate was changed from 0.06 to 2.44 kg-N/m 3 -day depending on the concentrations of nitrogen and HRT ( Figure 1 ). The NH þ 4 -N to NO 2 2 -N ratio in the feed was maintained at 1:1. Although the optimum ratio of 1:1.32 was reported by Strous et al. this reactor exhibited average removal efficiencies of 93^9% and 98^5%, for NH þ 4 -N and NO 2 2 -N, respectively, from the 100th to the 400th day of continuous culture (Strous et al. 1998 ). The stoichiometric ratio of NH þ 4 consumption, NO 2 2 consumption and NO 2 3 production in the reactor was 1:1.20:0.22. On the 300th day of operation, sudden selfaggregation of the redish anammox granular sludge was observed. The aggregation of anammox sludge resulted in the limited specific surface area and the lowered nitrogen removal rate. The aggregated anammox sludge was immediately resuspended and the nitrogen loading rate was recovered.
Microbial community structure
On the 251st day of operation, genomic DNA was extracted from the red granular sludge. An investigation of the microbial community structure was conducted with the selected red granular sludge sample, which could offer the representative microbial community structure of the anammox consortium. and Caldilinea aerophila in subphylum I (Sekiguchi et al. 2003; Yamada et al. 2007) . It was expected that the clones of Chloroflexi obtained in this study contributed to the formation of anaerobic granular sludge in the anammox reactor (Sekiguchi et al. 2001) .
Diversity of AOB in anammox enrichment
In this study, a synthetic medium was not pursed to remove dissolved oxygen, and storage in an isolated tank to prevent the diffusion of oxygen from air was not utilized. However, the concentration of dissolved oxygen in the bioreactor was under the detection limit of 0.5 mg/L. The dissolved oxygen introduced into the reactor was consumed rapidly by aerobic and autotrophic bacteria of nitrifiers. The dissolved oxygen in the feed may have provided a suitable environment for AOB to oxidize NH þ 4 to NO 2 2 . Subsequently, the NO 2 2 produced by AOB may have resulted in the sequential oxidation of NH þ 4 with NO 2 2 by anammox bacteria. However, low concentration of dissolved oxygen in the anammox reactor restricted the growth of AOB. AOB were not identified in the clone library because the relative abundance of AOB was much lower than the other bacteria.
In order to confirm the presence of AOB and analyze their diversity, a functional gene which is specific for AOB should be analyzed. Ammonia monooxygenase carry out the first step of the oxidation of ammonia producing hydroxylamine.
In this study, the functional gene of amoA that produces the 
Diversity of AOA in anammox enrichment
Recently, AOA were found in a water environment and at wastewater treatment plants (Francis et al. 2005; Park et al. 2006) . They can oxidize NH þ 4 to NO 2 2 under microaerobic conditions using bicarbonate as an electron acceptor. The T-RFLP method targeting the amoA gene of AOA was applied to confirm the presence of AOA in an anammox bioreactor with a labeled forward primer. | Neighbor-joining consensus tree of AOA generated from an alignment of published amoA gene sequences and sequences retrieved in this study. Bootstrap values were based on 1,000 trials. Scale bar indicates 5% sequence difference. The expected T-RF lengths after digestion with Taq I for the sequence of 635 bp with Arch-amoAF and Arch-amoAR were indicated in parentheses.
